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EFFECT OF ENDWALL COOLING ON SECONDARY FLOWS IN TURBINE STATOR VANES 

Louis J. Goldman and Kerry L. McLallin 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio, 44135 


SUMMARY 

An experimental investigation was performed to determine the effect of endwall 
cooling on the secondary flow behavior and Che aerodynamic performance of a cope- 
turbine stator vane. The inves Cigation was conducted in a cold-air, full-annular cas- 
cade, where three-dimensional effects could be obtained. lYvo endwall cooling configur- 
ations were tested. In the first configuration, the cooling holes were oriented so 
that the coolant was injected in line with the inviscid streamline direction. In the 
second configuration, the coolant was injected at an angle of 15° to Che inviscid 
streamline direction and oriented toward the vane pressure surface. In. both cases the 
stator vanes were solid and uncooled so that the effect of endwall cooling could be ob- 
tained directly. 

Total-pressure surveys were taken downstream of the stator vanes over a range of 
cooling flows at the design, mean-radius, critical velocity ratio of 0.778. Changes in 
the total-pressure contours downstream of the vanes were used to obtain the effect of 
endwall cooling on the secondary flows in the stator. Comparisons are made between the 
two cooled-endwall configurations and with the results obtained previously for solid (un- 
cooled) endwalls . The results presented in this paper are the first part of a comprehen- 
sive program of endwall cooling studies currently in progress at NASA. 


SYMBOLS 


Cp- specific heat at cons.tant pressure, J/kg-K (Btu/lbm-°R) 

E energy parameter, eq. (4) 

2 

g force-mass conversion constant, 32.174 Ibm-ft/lbf-sec 
J mechanical equivalent of heat, 778.0 ft-lbf/Btu 
axial momentum parameter, eq. (2) 

Jg tangential momentum parameter, eq. (3) ' , 

M Mach number 

m mass flow parameter at radius r, eq. (1) 
in total mass flow per passage, kg/sec (Ibm/sec) 
p pressure, N/m^ (Ibf/ft^) 

2 2 

p clrcTomf erentially mixed pressure at radius r, N/m (Ibf/ft ) 

O O 

p^ inlet pressure of coolant, N/m (Ibf/ft ) 

Pq inlet pressure of primary flow, N/m (Ibf/ft ) 

R gas constant, J/kg-K (ft-lbf /lbm-°R) 

r radial direction, m (ft) 

T temperature, K (°R) 

Tj, inlet temperature of coolant, K (°R) 

Tg inlet temperature of primary flow, K (°R) 

V Velocity, m/sec (ft/sec) 

y mass flow fraction 

z axial direction, m (ft) 

a flow angle measured from axial direction, deg 

Y ratio of specific heats 

iT overall efficiency based on kinetic energy 
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0 vane angular spacing , deg 

6 circumferential direction, deg 

p density, kg/m^ (Ibm/ft^) 

Subscripts : 
c coolant flow 

cr flow CO' dition at Mach 1 

h hub 

1 survey position closest to inner (hub) wall 

id ideal or isentropic process 

L lower or pressure surface 

o survey position closest to outer (tip) wall 
p primary flow 

s solid (uncooled) 

T thermodynamic 

t tip 

U upper or suction surface 

z axial direction 

0. tangential direction 

0 station at inlet plane of cascade bellmouth, fig. 2 

1 station at vane inlet, fig. 2 

2 station at vane trailing edge, fig, 2 

3 station downstream of vane trailing edge where survey measurements were taken, 

fig. 2 • 

3M station far downstream of vane trailing edge wkere flow was assumed to be circum- 
ferentially mixed (uniform) , fig. 2 

Superscript: 

' total- state condition 


INTRODUCTION 

Experimental investigations are being conducted at the NASA Lewis Research Center 
(refs. 1 to 3) and under contract (ref. 4) to obtain the aerodynamic performance of air- 
cooled blading and endwalls for high- temperature, core-engine turbines. As part of this 
ef.-Port, the performance of a solid (uncooled) version of the core stator has been deter- 
mined in a full-annular cascade (ref. 3) . These results form the basis of comparison 
for the cooled versions of the core stator and endwalls. Downstream of the solid vanes 
and endwalls, two vortex cores of high loss concentration are located at the corners 
formed by the endwalls and the vane suction surface (ref, 3) , Because of the low aspect 
ratio of these vanes (the ratio of vane height to vane axial chord is 1.0), these losses 
were expected and were identified with the secondary flows present in the stator. The 
secondary flow loss for the solid vanes and endwalls was estimated (ref. 3) to be a sig- 
nificant portion (about 28 percent) of the total loss. For cooled stators, one possible 
method of reducing these losses is to use the injected endwall coolant to modify the 
secondary flows in the stator vanes. 

A test program was, therefore, undertaken to study the effect of endwall cooling 
on these secondary flows. Parameters to be investigated in the endwall cooling program 
include cooling hole location, cooling hole size, blowing rate, and coolant injection 
angle. The first part of this study, and the subject of this paper, is the. effect of 
endwall coolant injection angle on these secondary flows and on the vane aerodynamic 
performance. 

Two similar endwall cooling configurations were experimentally studied. In the 
first configuration, three rows of cooling holes were oriented so that the endwall cool- 
ant was injected in line with the inviscid streamline direction. In the second config- 
uration, the coolant was injected at an angle of 15° to the inviscid streamline direc- 



tion and oriented toward the vane pressure surface. In both cooled-endwaLl configura- 
tions, the coolant was injected at an angle of 15° to the endwall surface and the sta- 
tor vanes were solid (uncooled) , so that the effect of endwall cooling could be obtained 
directly. The coolant was injected at 15° to the ihviscid streamline direction in the 
second configuration in an attempt to impede the crossflows that occur in the endwall 
boundary layers and thereby to decrease the secondary flow losses. In addition, flow 
visualization studies on flat plates (ref, 5) have shown that coolant injected at an angle 
to the streamwise flow direction tends to prevent the cooling film from separating from 
the surface even at high blowing rates. It might be possible, therefore, to reduce the 
secondary flow losses and by the same means increase the film cooling effectiveness. 

The cooled-endwall investigation was conducted at the vane design, mean-radius, 
aftermixed, critical velocity ratio of 0.778. Annular total-pressure surveys were taken 
downstream of the vanes over a range of coolant to primary inlet total-pressure ratios 
from 1.0 to 2.0. This corresponds to coolant flow rates from 0.9 to 3.1 percent of the 
primary flow. All tests were conducted with primary air at ambient conditions at the 
cascade inlet and with a primary to coolant total-temperature ratio of 1.0. It was 
thought that a valid comparison of the two cooled-endwall configurations could be made 
at this temperature ratio. In addition, the cold-test data can be used to predict the 
performance at actual engine temperature ratios by the method described in reference 6. 

This paper describes the two endwall cooling configurations tested and the results 
obtained. Total-pressure contours downstream of the vanes are presented for selected 
coolant to primary total-pressure ratios. Changes in these total-pressure patterns are 
used to obtain the effect of endwall cooling on the secondary flow in the stator. How 
the vane aftermixed total pressure varies with radial position is shown for these coolant 
to primary total-pressure ratios. The percent change in aftermixed efficiency (from the 
solid endwalls) per percent coolant is also shown over the range of total-pressure ratios 
tested. The cooled-endwall results are compared, where applicable, with the results ob- 
tained for the solid (uncooled) endwalls. Comparisons are also made between the two end- 
wall configurations tested. This paper also includes a description of future work planned 
in the endwall cooling program. 


APPARATUS , INSTRUMENTATION , AND PROCEDURE 
Cascade Facility 

The full-annular cascade facility consists primarily of an inlet section, a test 
section, and an exit section. The actual facility and a cross-sectional view of the fa- 
cility are shown in figures 1 and 2, respectively. In operation, primary or mainstream 
air (at ambient conditions) is drawn from the test cell through the inlet section, the 
blading, and the exit section and then is exhausted through the laboratory exhaust sys- 
tem. Cooling air at room temperature and 27.58 N/cm^ (40 psig) is supplied by the lab- 
oratory combustion air system and is routed to the individual coolant circuits as shown 
in figures 1 and 2. For this investigation, only the hub and tip endwall cooling air 
was used since the vanes were solid (uncooled) . . 

Inlet section . - The inlet, consisting of a bellmouth and a short straight section, 
was designed to accelerate the flow to uniform axial flow at the vane inlet. The bell- 
mouth was designed to provide a smooth transition to the straight section and to minimize 
the boundary layer growth. 

Test section . - The test section consists of a section of five vanes that are part 
of the full-annular ring of 36 vanes. As seen in figure 2, the vanes pass through t\^o 
hollow vane rings (endwalls) . This allows cooling air to be Independently supplied to 
both the vanes and the endwalls. For the endwall cooling Investigation reported .Herein, 
all the vanes were solid (uncooled). Only the four endwall passages between the five 
test vanes were cooled. 

The stator vane geometry (same aerodynamic profile as in refs, 1 to 4) is shown in 
figure 3. The untwisted vanes, of constant profile from hub to tip, have a height of 
3.81 centimeters (1,50 in,), an axial chord of 3 . 823 centimeters (1.505 in.), and a 
trailing-edge radius of 0.089 centimeter (0.035 in.). The vane aspect ratio and solidity 
at the mean section are 1. 00 and 0.93, respectively, based on axial chord. The stator 
hub-to-tip radius ratio is 0.85 and the mean radius is 23.50 centimeters (9.25 in.). 

Exit section . - The exit section consists primarily of a diffusing section and a 
flow straightening section (fig. 2). The diffusing section decelerates the flow down- 
stream of the 3M station. The flow straightening section turns the swirling flow back 
to the axial direction prior to its entering the laboratory exhaust system. The 
straightener consists of a bundle of short tubes with centerlines parallel to the cascade 
axis (fig. 2). 


Endwall Cooling Configurations 


3 


Two similar endwall cooling configurations were tested, A schematic representation 
of the configurations is shown in figure 4 for the hub endwall. In, the first configura- 
tion, three rows of cooling holes were oriented so tha.t the endwall coolant was injected 
in linfewith the inviscid" streamline direction. In the second configuration, the coolant 
(5wfctn'‘ tliie vane passage) was injected at an a.ngle of 15° to the inviscid streamline di- 
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rection and oriented toward the vane pressure surface. This was done in an attempt to 
impede the crossflows that occur in the endwall boundary layers and thereby to decrease 
the secondary flow losses. 

The endwall cooling geometry and coordinates are presented in figure 5 and in ta- 
ble I. The in-line coolant injection configuration was designed for NASA under contract 
(ref. 4). This design had a row of cooling holes upstream of the vane leading edge, on 
both the hub and tip endwalls, which could not be fabricated in our hollow vane rings. 

In addition, as noted in table I, a number of cooling holes (primarily in the first row 
of holes) on the hub endwall could not be fabricated. This was caused by the shallow 
coolant injection angle (15° to the endwall surface) and the excessive hub endwall thick- 
ness that occurred during fabrication. To make comparison of the two configurations eas- 
ier, the holes that could not be machined in the second configuration x^ere filled with 
epoxy in the first configuration. In this way both configurations had the same number 
(and location) of open cooling holes (fig. 4). The row of cooling holes downstream of 
the vane trailing edge, on the tip endwall, were 0.038 centimeter (0.015 in.) in diameter 
and were aligned near the design flow angle for both configurations. All other cooling 
holes were 0.051 Centimeter (0.020 in.) diameter. The actual hub and tip hollow vane 
rings for the first configuration (with all cooling holes open) are shown in figure 6. 


Instrumentation 

Instrumentation was provided to measure inlet total temperature and pressure, wall 
static pressures upstream and dox-mstream of the test section, survey data of vane exit 
total pressure, and coolant supply conditions. All pressures were measured with cali- 
brated strain-gage transducers, and all temperatures were measured x^ith copper- cons tantan 
thermocouples. Figure 2 shows the station nomenclature used for the instrxjmentation. 

Inlet total conditions . - The total temperature of the primary air was measured by 
four thermocouples located 90° apart circumferentially at the bellmouth inlet (station 0). 
The ambient pressure was measured by a transducer located near the cascade inlet. Prior 
to the subject investigation, boundary layer measurements of total pressure were made 
near the vane inlet (station 1) . 

Wall static pressures . - Static pressures were measured at various locations in the 
cascade by 0.051-centimeter (0. 020-in.) diameter pressure taps located on both the hub 
and tip walls. At a distance of one axial chord length upstream of the vane inlet (sta- 
tion iL four taps were located 90° apart circumferentially. These taps were used pri- 
marily to check the uniformity of the flow entering the vanes . At the vane exit survey 
plane (station 3) , eight taps (on both the hub and tip endwalls) spanned the test section 
and were spaced circumferentially as shox>m in figure 7. These pressures were used to es- 
timate the variation of static pressure with radius for use in. the aerodynamic perform- 
ance calculations . Two static taps (hub and tip wall) were also located 10.2 centimeters 
(4.0 in.) axially dovmstream of the vanes, where the flox^' would probably be mixed to rel- 
atively uniform conditions (station 3M) . This hub static pressure was used to set the 
primary airflow conditions in the cascade. 

Survey probe . - Vane aerodynamic performance data Xvrere obtained xxrith the tX'JO- 
eleraent, total-pressure probe shovra in figure 8, This type of fixed-position probe allows 
survey data to be taken near both the hub and tip xxralls. The hub element (fig. 8) was 
used for measurements in the region that extended from near the hub wall up to a radial 
position of 75 percent of the vane span. The tip element was used in the remaining tip 
region. The survey plane (station 3, fig. 7) xxfas 1.3 centimeters (0,5 in.) axially down- 
stream of the vane trailing edge with the probe positioned at a fixed angle of 67° from 
the axial direction (design flow angle) . Survey data were taken over three vane wakes 
to check for periodicity. 

The probe elements were made of stainless-steel tubing having an outside diameter 
of 0.051 centimeter (0.020 in,) and an insiue diameter of 0.038 centimeter (0.015 in.). 

The total-pressure tubes had inside bevels of 30°, which reduce the sensitivity of the 
total-pressure measurement to flow angle variations (ref. 7). The loss in total pressure 
was measured with a differential pressure transducer referenced to atmospheric pressure. 

Coolant flow conditions . - The coolant flow rate was measured with calibrated ven- 
turi meters of various sizes. The venturi meters and runs conformed to ASME specifica- 
tions and were calibrated before installation. The endxvall coolant tttal pressures and 
temperatures were assumed to be equal to the static measurements made before the coolant 
entered the hollow vane rings (fig. 1). Errors of less than 1 percent resulted from this 
assumption because of the small coolant flow velocities (Mach nxmbers less than 0.1) in 
the supply tubing. 


Test Procedure 

To operate the full-annular cascade facility, atmospheric air from the test cell 
was draxTO through the cascade and exhausted into the laboratory exhaust system. The 
primary airflow conditions were set by controlling the pressure ratio across the stator 
vanes with a throttle valve . located in the exhaust system. The hub static-pressure tap 
located at station 3M doxmstream of the vane exit was used to set this pressure ratio. 

Cooling air, at room temperature and 27.58 N/cm^ (40 psig) , was supplied by the 
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laboratory combustion air system. The desired coolant flow rate was obtained by setting 
the pressure upstream of the venturi with a pressure regulator and controlling the ven- 
turi pressure ratio with a throttle valve located downstream of the venturi run. 

The two endwall cooling configurations were tested at an exit static- to inlet 
total-pressure ratio that corresponded to the design, mean-radius, ideal, aftermixed, 
critical velocity ratio of 0.778. Kominal coolant to primary inlet total-pressure ratios 
P^/Pq of 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 were set by varying the coolant flow rates 
from 0.9 to 3.1 percent of the primary flow. For any given test, this pressure ratio was 
maintained the same for the hub and tip endwall coolants, as this would correspond to 
usual engine operation. 

At a given flow condition, probe survey data were obtained at a number of different 
radii (typically 23) from hub to tip. At any fixed radius, the probe moved circumfer- 
entially in a continuous manner behind the middle three vanes of the five-vane test sec- 
tion, with survey data being recorded at 0.08-degree increments (fig, 7). The vane spac- 
ing 0 of 10° results in about 125 measurement points per vane. The output signals of 
the thermocouples .and pressure transducers were digitized for all the data and recorded 
on magnetic tape for permanent record. 


Data Reduction 

The cooled aerodynamic performance presented herein was calculated from the meas- 
urement of the survey probe total pressure, the wall static pressures at the survey plane 
(station 3), and the probe position. Data from the middle test vane (of the three vanes 
that were surveyed) were used in these calculations. Since only the vane exit total pres- 
sure was measured for these tests, the following assumptions were made for data reduction 
purposes : 

(1) The static pressure at the survey plane (station 3) is constant circumferen- 
tially and varies linearly with radius. The hub and tip wall static pressures at sta- 
tion 3 were used for this interpolation. 

(2) The flow angle at the survey plane is constant circumferentially and radially. 
The design value of 67° was used for the performance data presented herein. 

(3) The total temperature at the survey plane is constant and equal to the total 
temperature at the bellmouth inlet (station 0) . 

The calculated vane performance was compared in reference 3 with data obtained from 
a total-pressure probe (similar to the one used in this paper) by using the previous as- 
sumptions and from a combination probe (measuring total pressure, static pressure, and 
flow angle) . Excellent agreement was found in the results obtained for the two probe 
types . The main advantage of the probe type used herein is that measurements close to 
both walls can be made without changing probes . 

The calculation of vane performance is based on the determination of a hypothetical 
state where it is assumed that the flow has mixed to a circumferentially uniform condi- 
tion. The application of the conservation equations to an annular- sector control volume 
to obtain this aftermixed state, at each radius, has been described fully in reference 8 
and is summarized in the appendix. The aftermixed vane efficiency, based on kinetic en- 
ergy, is used herein because it is theoretically independent of the location of the sur- 
vey measurement plane. In addition, the aftermixed state represents the "average" con- 
ditions seen by the rotor. Note that the aftermixed efficiency contains not only the 
solid boundary friction losses but also the mixing losses. 


RESULTS AND DISCUSSION 

Presented in this section are the experimentally determined, survey plane, total- 
pressure contours, the variation of aftermixed total pressure with radius , and the over- 
all vane aerodynamic performance. Comparisons are made between the two cooled-endwall 
configurations and the solid endwall. The solid-endwall performance, which serves as a 
basis of comparison for the cooled endwalls , is discussed first. 


Solid (Uncooled) EndWalls 

For test program flexibility, two physically distinct sets of hollow vane rings 
(endwalls) and vanes were used for the endwall cooling investigation reported herein. 
With this arrangement, one configuration could be tested while the other configuration 
was being fabricated. Having two distinct endwall sets did, however, lead to some dif- 
ficulties as it was observed that there were some small geometric differences in the two 
sets. Because of this the performance of the Solid (uncooled) version of each endwall 
set had to be experimentally determined. These results then formed the basis of compar- 
ison for the corresponding cooled version of each vane and endwall set. 

The survey plane total-pressure p^ characteristics for the solid (uncooled) end- 
wall sets are compared in figure 9. The higher loss regions in figure 9 (i.e,, p^/pQ £ 
0.93) have been crosshatched for easier comparison of the tv70 configurations. Two cores 
of high loss, centered at approximately 10 and 80 percent of vane height, are located on 
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the suction side of the trailing-edge projection, for each endwall set, As discussed in 
reference 3, these loss regions are associated with the movement of secondary flows within 
the endwall boundary layers from the pressure surface to the suction surface in the vane 
passage. This flow is then turned away from the endwalls and rolls up to form passage 
vortices in the comers formed by the endwalls and the vane suction surface. Close in- 
spection of figure 9 shows that the losses are somewhat higher and extend further into 
the mean section (fig. 9) for the endwall set that was subsequently used for the in-line 
coolant ejection tests. This can be more easily seen in the next figure. 

Another comparison of the two solid endwall sets is shown in figure 10, where the 
aftermixed to inlet total-pressure ratio Pqj.j'^PO presented as a function of vane 
height. The wall static to inlet total-pressure ratios (at the survey plane) were 0.65 
and 0.73 for the hub and tip walls, respectively. The solid endwall set used for the in- 
line coolant injection tests again shows higher losses, particularly, in the vortex core 
regions, The overall aftermixed efficiency s for this endwall set was' 96.17 per- 

cent, while that for the solid endwall set used £or the coolant injected at 15° to the in- 
line direction was 96.53 percent. 

Also shown in figure 10 is the vane inlet to bellmouth inlet total-pressure ratio 
p|/p() as a function of vane height, which was determined for the in-line configuration 
only. The inlet boundary layer probe was removed prior to obtaining the vane exit sur- 
vey data to prevent any interference effects. The calculated displacement and momentum 
thickness per percentage of vane height were 1.51 and 0.56, respectively. Because of the 
small difference between pg and pj^ and the negligible effect on the results, the bell- 
mouth total pressure p() has been used as a basis of comparison in all ligures and cal- 
culations . 


Endwall Coolant Flow Characteristics 

The coolant flow characteristics for the two endwall configurations are shown in 
figure 11. The hub, tip, and total endwall coolant flows as percentages of primary flow 
are shown as functions of coolant to primary inlet total-pressure ratio p^/pg. The cool- 
ant flow for the tip endwall is about twice that for the hub endwall because of the larger 
number of coolant holes on the tip endwall. The in-line coolant injection configuration 
has a 10 to 15 percent higher coolant flow than the 15° to in-line coolant injection con- 
figuration. Since the number of coolant holes were the same in each configuration, this 
flow difference is caused by hole size differences (due to fabrication tolerances) and 
possibly to different coolant flow discharge coefficients. At a pressure ratio pA/Po 
of 1.0 (which is representative of first-stage engine conditions), the total endwall 
coolant flow fractions y^ are 1.0 and 0.9 for the in-line and the 15° to in-line cool- 
ant injection configurations, respectively. 










Total-Pressure Contours and Secondary Flows 

Contours of vane exit to inlet total-pressure ratio pg/pg are shoTjn in figures 
12 and 13 for the two cooled- endwall configurations at selected coolant to primary total- 
pressure ratios p^/po- The survey probe total-pressure data were used to generate these 
computer contour plots. Also shown again, for ease of comparison, are the results ob- 
tained for the solid (uncooled) version of each endwall set. The higher loss regions in 
figures 12 and 13 (i.e.. P 3 /pg < 0.93) have again been crosshatched for comparison pur- 
poses. 

At a total-pressure ratio p^/Po °^ 1.0, both configurations show larger vortex 
core losses (more area) than do the corresponding solid (uncooled) endwalls. This in- 
dicates, as might be expected, that the low-momentum endwall coolant has migrated to the 
passage vortex regions . The in-line coolant injection configuration has somewhat larger 
losses than the 15° to in-line coolant injection configuration. This is shown by the 
appearance of higher loss contours (N and M) in the hub and tip regions of the in-line 
coolant injection configuration where none existed in the solid configuration. In addi- 
tion, comparing loss contours J indicates that more tip endwall coolant has migrated 
radially down the trailing-edge region for the in-line coolant injection configuration. 
From these results it is concluded that the coolant injected at an angle of 15° to the 
in-line direction has, to some extent, been successful in impeding the secondary flows 
that occur in cooled- endwall stators. Further improvements may also be possible if the 
coolant is injected at angles greater than 15° to the in-line direction. 

At total-pressure ratios Pc/Po greater than 1.0, the total-pressure losses de- 
crease for both cooled-endwall configurations. Again the improvements are larger for 
the 15° to in-line coolant injection configuration. At a total-pressure ratio Pi/Pg 
of 1.8, comparing the total-pressure contours with the trailing-edge projection shows 
that the under turning of the flow that occurs at lower total-pressure ratios Pc/p() and 
for the solid endwall has to a large extent been eliminated. This is due to the in- 
creased momentum of the endwall coolant. It is particularly striking in the tip region 
and is probably enhanced by the row of coolant holes downstream of the vane trailing edge 
(fig. 5). The improvement in the flow conditions to the rotor blades would be expected 
to increase the turbine performance by decreasing the primary airflow blockage and rotor 
incidence losses. 
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Aftermixed Total-Pressure Characteristics 

The variation of aftermixed to inlet total-pressure ratio FiM/pQ with vane 
height is shown in figures 14 and 15 for the two cooled-endwall configurations at se- 
lected coolant to primary total-pressure ratios Pc/PQ- ’^he corresponding solid-endwall 
cases are also shown in the figures for comparison with the cooled-endwall results. At 
a total-pressure ratio Pc/PO there is an increase in the total-pressure loss 

as compared with the solid endwalls, particularly in the vortex core regions, for both 
cooled-endwall configurations, These losses are somewhat higher for the in-line coolant 
injection configuration and persist into the vane mean section. This is consistent, as 
it should be, with the results shown previously for the total-pressure contours of fig- 
ures 12 and 13. At the higher total-pressure ratios p^/po the total-pressure losses 
decrease, with the 15° to in-line coolant injection configuration being slightly better. 
The vortex core regions at a total-pressure ratio P^/Po of 1>8 are significantly modi- 
fied, particularly in the tip region. The higher momentum of the coolant apparently im- 
pedes, to a large extent, the formation of the large passage vortex and the radial migra- 
tion down the vane trailing-edge region. 


Overall Aerodynamic Performance 

Aftermixed efficiencies . - The overall aftermixed thermodynamic efficiency ^ n’jM.T 
(eq. (11), appendix) as a function of coolant to primary total-pressure ratio P^/Pq "i® 
shown in figure 16 for the two cooled-endwall configurations , The efficiencies are shown 
as percentages of change (from the solid endwalls) per percentage of coolant. This was 
done b'ecause of the small differences between the two solid-endwall sets (figs, 9 and 10) 
and the slightly different endwall coolant flow characteristics (fig. 11). Both endwall 
configurations show similar trends, with the thermodynamic efficiency decreasing with in- 
creasing total-pressure ratio Pc/PO- f^e data for both configurations have been least- 
squares fit to straight lines in figure 16. Over the range of coolant flow tests, the 
15° to in-line coolant Injection configuration has a higher efficiency (lower losses) than 
the in-line configuration. The differences, however, appear to be small even though the 
two configurations were seen to have larger differences in the endwall regions (figs . 12 
to 15) . This results from the fact that the overall aftermixed efficiencies represent an 
"average" for the whole vane and as such tend to mask the differences in the endwall re- 
gions. Also, the larger change in efficiency for the in-line coolant injection configur- 
ation is offset by larger coolant fractions (fig. 11). At a total-pressure ratio of 1.0, 
the changes in thermodynamic efficiency per percentage of coolant are -0.760 and -0.737 
for the in-line and 15° to in-line coolant injection configurations, respectively. 

Effect of total-temperature ratio . - As discussed previously, the performance of 
the cooled endwalls was determined at a primary to coolant total-temperature ratio 
Tq/Tq of 1.0. Although a valid comparison can probably be made at this temperature ra- 
tio, it is also of interest to estimate the performance at actual engine conditions. A 
method for doing this has been described in reference 6. The basic model assruned that 
the aerodynamic losses (total-pressure losses due to boundary layer growth and mixing) 
were constant if the coolant to primary momentum ratios (or coolant to primary total- 
pressure ratios Pc/PO ^°^ constant cooling hole areas) were maintained the same for 
tests at different total-temperature ratios Tq/t 1. It was shown (ref. 6) that at a 
coolant to primary inlet total-pressure ratio Pc/pg of I, which is representative of 
actual engine first-stage stator operating conditions, the thermodynamic efficiency is 
independent of the total-temperature ratio Tq/T^. The coolant fraction y^. \<ia.s also 
shown to vary as the square root of the total-temperature ratio Tq/T^ (for constant 
cooling hole area). Therefore, at the design total- temperature ratio Tg/Tc of 2.7 for 
this stator, the percentages of change in thermodynamic efficiency per percentage of 
coolant are estimated to be -0.463 (i.e., -0 . 760/-V2 .7) and -0.449 for the in-line and 
the 15° to in-line coolant injection configurations, respectively. These values are 
somewhat lower than found (ref. 9) for full-film-cooled vanes tested in two-dimensional 
cascades. If desired, the effect of total- temperature ratio on the performance at other 
measured total-pressure ratios Pc/PO also be estimated by the method described in 

reference 6. 


CONCLUDING REMARKS 

At a coolant to primary inlet total-pressure ratio of 1, which is representative 
of first-stage engine operating conditions, the low-momentum endwall coolants migrated 
to the passage vortex regions and increased the losses as compared with the solid (un- 
cooled) endwalls. However, comparing the two cooled-endwall configurations did indicate 
that the coolant injected at 15° to the inviscid streamline direction was more success- 
ful in impeding the secondary flows that can occur in this type of stator. This was seen 
from the smaller total-pressure losses in the passage vortex regions and by less radial 
migration of the tip endwall coolant do\*?n the trailing-edge region Further aerodynamic 
improvements are thought to he possible if the coolant is injecto at angles greater than 
15° (i.e,, 30° or possibly 45°) to the invlsc'i d. streamline dire-tion. 

More important than .aerodynamic gains are the probable implications of the results 
to the heat transfer characteristics of cooled endwalls in low-aspect-ratio blading. For 
if the endwall ccciant separates and migrates away from the endwalls, the effectiveness 
of the film cooling will be considerably decreased. Fortunately, recent flow visualiaa- 
tion studies (on flat plates) have shown that coolant injected at 45° to the strearawise 
flow direction tends to prevent the cooling film from separating from the surface even at 



1 


15-8 

high blowing rates. In an attempt to use this effect, further aerodynamic tests are cur- 
rently planned to study the behavior of endwall coolant injected at 30° and 45° to the in- 
viscid streamline direction. Corresponding heat transfer tests are also needed. In addi- 
tion, it is hoped that the effect of other design parameters (such as hole location, hole 
size, and blowing rate) on the secondary flows in cooled stators will also be determined. 
To complement the experimental Investigation, theoretical calculation procedures (i.e., 
endwall boundary layer and three-dimensional viscous computer programs) are currently be- 
ing developed. These methods should find wide use in the experimental program. 


SUMMARY OF RESULTS 

The performances of two similar endwall cooling configurations were experimentally 
determined in a cold-air, full-annular cascade, where three-dimensional effects could be 
obtained. In the first configuration, three rows of cooling holes were oriented so that 
the endwall coolant was injected in line with the inviscid streamline direction. In the 
second configuration, the coolant was injected at an angle of 15° to the inviscid stream- 
line direction and oriented coward the vane pressure surface. In both configurations, 
the coolant was injected at an angle of 15° to the endwall surface. The stator vanes were 
solid and uncooled so that the effect of endwall cooling could be obtained directly. The 
investigation was conducted at the vane design, mean-radius, ideal, aftermixed, critical 
velocity ratio of 0.778. The coolant to primary inlet total-pressure ratios were varied 
from 1.0 to 2.0, which corresponds to endwall coolant flows from 0.9 to 3.1 percent of 
primary flow. All tests were conducted at ambient conditions with a primary to coolant 
inlet total-temperature ratio of 1. Total-pressure contours downstream of the vanes were 
obtained from survey probe data and were used to determine the effect of endwall cooling 
on the secondary flows in the stator. The probe data were also used to calculate the 
overall vane aerodynamic performance. Both cooled-endwall configurations were compared 
with each other and with the results obtained for the solid (uncooled) endwalls. The re- 
sults of the investigation were summarized as follows : 

1. At a coolant to primary inlet total-pressure ratio of 1, the endwall coolant mi- 
grated to the passage vortex regions, increasing the losses as compared with the solid 
endwalls. The percent changes in the overall thermodynamic efficiency (as compared with 
the solid endwalls) per percent coolant were -0.760 and -0.737 for the in-line and 15° to 
in-line coolant injection configurations, respectively. 

2. For coolant to primary inlet total-pressure ratios greater than 1, the increased 
momentum of the endwall coolant improved the secondary flow characteristics (decreased 
total-pressure losses and underturning in the passage vortex regions) of the whole vane. 

3. The 15° to in-line coolant injection configuration was more successful in imped- 
ing the vane secondary flows and, therefore, had somewhat better aerodynamic performance 
than did the in-line coolant injection configuration over the range of coolant flows in- 
vestigated. 
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appendix - CALCULATION OF AFTERMIXED CONDITIONS AND VANE EFFICIENCY 
FROM SURVEY MEASUREMENTS 

The aftermixed conditions (station 3M) are obtained from the survey measurements 
by applying the conservation equations to an annular- sect or control volume of infinites- 
imal radial thickness as shown in figure 17. The stream surfaces downstream of the vanes 
are assumed to be cylindrical because of the axial character of the annular cascade. In 
application of the conservation equations, it is also assumed that the viscous terms are 
negligible and that the pressure terms on the side faces of the control volume cancel due 
to symmetry. 


The conservation of mass requires that 


r 


P3(r,e)V3 ^ 


( 1 ) 


The conservation of momentum gives 


/ o 

^P3(r.e)V3^^(r,e) + gp3(r)]de = z 

[P3(^.e)V3_^(r,8)V3 g(r,e)]de = [p3m(’^>V3M,z(’^)^3M,0(’^)]'3 ^ < 3 ^ 

The energy equation for the special case of equal coolant and primary total temperatures 
is 


VgCr.e) v2 (r) 


%'*'3M“ ^p'^ 0 - ^ ~ Constant 


(A) 


The perfect-gas relation completes the system of equations 


RT.„(r) 


(5) 


Solving for the axial velocity V 3 j^ ^(r) gives (ref. 8) 


'^3M,z*^’^^ ■ Y + 1 


(r) - ^ [2gJE - J^r)] 


The tangential velocity V 3 j^ 6 obtained from equation (3) 


^3M,6^^> = 


and the velocity V 3 j^(r) from 


^3M« V 


( 6 ) 


(7) 


( 8 ) 


The aftermixed conditions of density P 3 i.](’^) . static temperature T 3 j^(r) , and static 
pressure P 3 f.l(t) are found from equations (lE (4), and (5), respectively. The after- 
mixed total pressure then obtained from , 


P3m(’^> 

P3M^ 


1 + 5 ^3j^(r) 


y/ (y-1) 


(9) 


where 


M3^(r) = 




VYS^T3j^(r) 


( 10 ) 


The aftermixed conditions have been determined in terms of the parameters m(r) , J (r) , 
Jg (r) , and E, which are calculated from the survey measurements, 

The aftermixed thermodynamic efficiency is defined as the ratio of the actual 
aftermixed kinetic energy to the sura of the ideal aftermixed kinetic energies of both 
the primary and coolant flows. The thermodynamic efficiency for the total vane passage 
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f 




15-A-2 

is 


tj 


''3M.T ■ ~TT 


^ “ P3M<’^>V3„_^(r){yp(c)[v2^_^^(x)]p + [V3M,ld<’^)]e,h CiM.ld^] dD 

where Che ideal velocities are given by 


( 12 ) 


(13) 


(14) 


The total pressure at the bellmouth inlet pA was used (Instead of p{) to calculate the 
ideal velocity of the primary flow (eq. (12)). This was done because the vane inlet 
total pressure p{(r) was measured only for the solid endwall tests of the in-line cool- 
ant injection vane rings . and because of its negligible effect on the results. The frac- 
tion of coolant flow to total flow was assumed to be independent of radius and equal to 


m V 

y^ jj(r) = J = Constant 

(15) 

' m 


f. 

y j^(r) = J ■ = Constant 

(16) 

’ ra 


7 p(r) = 1 - i^(r) + " Constant 

(17) 


where^ ™c,h ’*'c,t measured total_coolant flow rates per passage for the hub 

and tip endwall coolants, respectively. And m is the total flow rate per passage and 
is given by 


m = 



p 2 (r, 8 )V 2 ^(r,0)r d9 dr 



m(r)r dr 


(18) 
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e 1. - Core-turbine stator annular cascade, 
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Figure 3. - Core-turbine stator vane geometry at mean section, (All dimensions in cm (in. ) except as noted. ) 
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(b) Coolant injected at 15° to inviscid streamlines and directed toward pressure surface. 
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Figure 4. - Schematic of two cooled-endwall configurations (showing hub wall only). 
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Figure 7. - Schematic of instrumentation for survey data. 


Hub element 



0. 19 cm (0.03 in. ) 
ifiCID Stem cross '.'’^tion 


0.30 cm 
(0. 12 in. 


C-75-1730 


Tip element 


Figure 8. - Total-pressure survey probe. 
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(a) Solid vanes and endwalls used for subsequent tests of endwall coolant 
injected in line with inviscid streamlines. 
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(b) Solid vanes and endwalls used for subsequent tes»s of endwall coolant injected at to 
inviscid streamlines. 


Figure 9. - Comparison of survey plane total-pressure contour plots of two sets of solid 
(uncooledi vanes and endwalls used for subsequent cooled-endwall tests. 
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Figure 10. - Comparison of vane exit aftermixed total- 
pressure characteristics for tvw sets of solid (un- 
cooledi vanes and endwalls used for subseguent 
cooled-endwall tests. 
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Figure 12. - Survey plane total-pressure ratio contour plots for endwall coolant injected in 
line with inviscid streamline direction. 
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,c) Coolant to inlet total-pressure ratio, p^Pq, 1.4. 
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Figure 13. - Concluded. 
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(a) Coolant to inlet total-pressure ratio, p^Pg, 1.0, 



(b) Coolant to inlet total-pressure ratio, p^Pg, 1.4. 
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Figure 14. - Vane exit aftermixed total pressure as function 
of radial position for endwall coolant injected in line with 
invisckf streamlines. 


Figure 16. - Vane exit aftermixed total pressure as function 
of radial position for endwali coolant injected at 15° to in- 
viscid streamlines and oriented toward pressure surface. 
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Figure 16. - Overall vane aftermixed efficiency characteristics 
as function of coolant to primary inlet total-pressure ratio for 
two cooled-endwall configurations. 
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Figure 17, - Control volume for determination o^ aftermixed conditions 
1 station 3iM). 
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